It has become clear in recent years that RNA polymerase II (RNAPII) not only transcribes the mRNA but shepherds it through the stages of processing as well (42, 67 ). An early indicator of this coupling between transcription and processing was the finding that the poly(A) signal for cleavage and polyadenylation of pre-mRNA directs not only 3Ј-end processing of the transcript but also termination of transcription by the polymerase (20, 32, 50, 61, 77, 79) . A major challenge has been to explain how the poly(A) signal communicates with the polymerase.
The core poly(A) signal in vertebrates consists of two recognition elements flanking a cleavage-polyadenylation site (76, 82) . Typically, an almost invariant AAUAAA hexamer lies 20 to 50 nucleotides (nt) upstream of a more variable element rich in U or GU residues. Cleavage of the nascent transcript occurs between these two elements and is coupled to the addition of up to 250 adenosines to the 5Ј cleavage product. The cleavage is mediated in vitro by a large, multicomponent protein complex that can be separated into five distinguishable factors. Two of these factors are the cleavage and polyadenylation specificity factor (CPSF), which binds the AAUAAA motif, and the cleavage stimulation factor (CstF), which binds the downstream U-rich element. In vitro studies suggest that CPSF (26) and probably CstF as well (55, 71) are recruited to the polymerase at the promoter. Presumably they then ride with the polymerase during transcription, scanning the extruding transcript so as to snare the poly(A) site when it emerges. The situation in yeast may be similar (8, 29) . Strictly speaking, the term "poly(A) site" refers only to the point at which cleavage occurs and the poly(A) tail is appended, but we use the term here to refer to the poly(A) signal as a whole when this helps to distinguish between the poly(A) signal as an entity and poly(A) signal transduction [or "poly(A) signaling"] as a process.
Models that attempt to explain transduction of the signal from the poly(A) site to the polymerase can be divided into two categories (50) : (i) cleavage-dependent models, in which the poly(A) site is recognized by virtue of the processing that it carries out, and (ii) cleavage-independent models, in which the poly(A) site is recognized directly by a component of the transcription elongation complex. Cleavage-independent models were initially favored (50) and recently gained renewed support from the finding that CPSF and CstF may be components of the transcription elongation complex (55) . As such, these factors would presumably be positioned to recognize the poly(A) site as soon as it emerges so as to transduce a termination signal to the polymerase. This is the mechanism used by the vaccinia virus RNA polymerase (27, 40) , which closely resembles RNAPII in many aspects of structure and mechanism (see reference 28). Moreover, elongating polymerases not only carry factors that can recognize signals in the extruding RNA (see also reference 23), but they also have considerable intrinsic potential to recognize sequence elements at both the DNA and RNA levels prior to extrusion (4, 58) . Thus, cleavage-independent models readily offer plausible scenarios for poly(A) signaling based on recognition of the signal either prior to, during, or following extrusion.
However, the preferred model for poly(A) signaling has for many years been a cleavage-dependent model in which the signal is generated by the new, uncapped RNA 5Ј end resulting from poly(A) site cleavage (20, 68, 81) . According to this model the new 5Ј end recruits a signal-transducing 5Ј exonuclease which chases the polymerase by processively degrading the RNA, thereby to deliver the signal. Consistent with this hypothesis, Edwalds-Gilbert et al. (32) and Birse et al. (14) reported a close correlation between processing efficiencies and termination efficiencies for a variety of mutated poly(A) sites and processing factors, suggesting that some aspect of the process leading to poly(A) site cleavage is involved in generating the signal to terminate.
A different point of view has been expressed by Batt et al. (10) and Osheim et al. (61) , who favored a cleavage-independent mechanism for transcription termination. However, neither of these groups actually assayed termination itself. The data in the work of Batt et al. (10) reflected variations in processing efficiency rather than termination, while the polymerase stacks in the electron micrographs of Osheim et al. (61) may well have resulted from polymerase pausing or arrest. Osheim et al. (61) pointed out that the stacked-up polymerases in their micrographs carried mostly uncleaved, full-length transcripts although the stacks extended across the poly(A) site. This is actually consistent with current cleavage-dependent models in which cleavage triggers termination as part of a single, concerted reaction (11, 30, 67, 80) . This underscores the difficulty until now of distinguishing experimentally between cleavage-dependent and cleavage-independent models and has even led to the suggestion that there is no mechanistic common denominator to poly(A) signaling, termination being cleavage dependent, cleavage independent, or both cleavage and 5Ј-exonuclease dependent according to circumstance (81) .
Transcriptional pause elements in the DNA downstream of the poly(A) signal have long played a prominent role in models for poly(A)-dependent termination (2, 13, 41, 68, 81) . Pausing of the polymerase is thought to be necessary to allow the poly(A) site time to act and, thereby, to signal the polymerase. Consistent with this hypothesis pausing is indeed frequently observed to occur downstream of poly(A) sites (7, 13, 16, 33, 41, 53, 74, 78) . Also consistent with this hypothesis, some poly(A) sites are known to be accompanied by downstream elements that enhance cleavage and polyadenylation and/or termination or arrest (2, 6, 13, 21, 31, 33, 72) . Although these elements are usually referred to as pause elements because of a presumption about their mechanism of action, it has not been confirmed that they actually cause the pausing seen downstream of poly(A) sites in vivo. Moreover, pausing per se does not enhance cleavage and polyadenylation in vitro (80) . Indeed, unlike confirmed pause elements (24, 45, 62, 65, 70) , these downstream elements are not associated with pausing in a consistent way-pausing being found variously upstream, downstream, or coincident with the elements (2, 13, 33, 41) . This has been attributed to DNA sequence artifacts related to the nascent transcript analysis used to detect pausing and termination (2) . However, the widespread occurrence of broad zones of apparent pausing downstream of poly(A) sites suggests that the pausing itself is genuine and that it is the mechanistic relationship of this pausing to the downstream elements that is obscure. Thus, it is not known whether elements in downstream DNA enhance processing and termination through pausing or by some other mechanism such as by a direct effect on the poly(A) signal itself (19, 52) . Nor is it known whether the pausing commonly seen downstream of poly(A) sites is due to additional elements in the downstream DNA or to an effect of the poly(A) signal itself on events that occur downstream.
Given the uncertainties concerning the number and nature of elements in a typical poly(A)-dependent terminator together with the uncertainties concerning the basis of poly(A) dependence itself, we have adopted a parsimonious approach to the study of poly(A)-dependent termination. First, we have concentrated exclusively on the core of the poly(A) signal in order to determine its unique contribution to termination. To do this we have capitalized on our previous finding that the core of the simian virus 40 (SV40) early poly(A) signal is capable of inducing efficient termination in vivo without the assistance of any downstream elements in the DNA (79) . Thus, we eliminate ambiguities related to the role of such elements in termination.
Second, we have limited our attention to the signaling step of poly(A)-dependent termination-i.e., how the poly(A) site makes its presence known to the polymerase. The immediate consequence of signaling need not be transcript release as is generally assumed. It could be pausing, consistent with the apparent collection of paused transcription complexes seen in the striking electron micrographs of Osheim et al. (61) and as suggested by the broad pausing profiles commonly seen downstream of poly(A) sites following nascent transcript run-on analysis (7, 13, 16, 33, 41, 53, 74, 78) . We have therefore designed an assay that measures the collective effects of the poly(A) signal on the efficiency of transcription elongation. Thus, we detect the first effect of the poly(A) site on transcription [i.e., poly(A) signaling], whether that effect is complete termination, halting of the polymerase, or merely slowing down transcription.
Finally, wishing to address questions of mechanism in a direct way, we have devised an in vitro system for studying poly(A) signaling. There have been prior reports suggesting successful coupling in vitro of polyadenylation to termination. However, one such report (57) actually described measurements not of termination but of poly(A) site cleavage, while another (81) failed to show that the termination under study was dependent on the presence of a poly(A) signal. In contrast, we now describe an in vitro system that faithfully reproduces signaling from the poly(A) site to the polymerase, and we validate this in vitro assay by reference to an in vivo assay that is free of the potential artifacts associated with conventional hybridization-based nascent transcript analysis (79) . We show below that signaling in vitro does not require pause elements in the DNA and does not require cleavage of the transcript but does require extrusion of the poly(A) site from the polymerase. This is the first successful demonstration of poly(A) signaling in vitro.
that the poly(A) signal was first inactivated by mutating the hexamer (AATAA A3AgTAct [lowercase letters indicate mutations]) using site-directed mutagenesis. For pAP͗cat͘, SmaI and HindIII sites were added at the 3Ј end of the upstream cassette (simultaneously lengthening it to 120 bp) in the pAP͗117cat͘ plasmids by use of site-directed mutagenesis (gcttggcgagatt3cccgggcaagctt). For pAP͗377͘, the pAP͗cat͘ plasmids were cut with HindIII and EcoRV and the BamHI-RsaI fragment containing the 377-bp G-less cassette from pAP͗cat͘ was inserted. The construction of pAP͗C 9 ͘ was like that for pAP͗377͘, but the insert, C 9 , was a 1,012-bp piece of DNA consisting primarily of nine copies of an arbitrarily selected 102-bp sequence from the middle of the C 2 region of ␤-globin 3Ј-flanking DNA (79) , containing no known functional elements. For p377A174P͗C 9 ͘, the 377-bp G-less cassette (above) and a 174-bp cassette were inserted into pAP͗C 9 ͘ at the StuI and HpaI sites, respectively. The 174-bp cassette was obtained by cutting pAP͗cat͘ with BglII and HinfI after site-directed mutagenesis (atattt3aGatCt) of the 261-bp cassette. For pAP͗C 9 377͘, the 1,012-bp C 9 fragment was inserted into SmaI-cut pAP͗377͘.
Poly(A) signaling assay. HeLa nuclear extract was prepared exactly as described by Flaherty et al. (34) except that the final centrifugation was at 13,000 ϫ g av for 30 min. The extract was dialyzed against buffer D until the conductances of the extract and the buffer were equal (5 to 7 h). The extract was then aliquoted and stored in liquid nitrogen. Different extracts vary somewhat in their properties.
A typical signaling assay began with 6 to 12.5 l of nuclear extract, which was brought to a total volume of 12.5 l with buffer D. This was then mixed with sodium citrate, dithiothreitol, creatine phosphate, MgCl 2 , anti-RNase (Ambion), DNA, and water up to a volume of 22 l. The mixture was preincubated at 30°C for 30 min, and then 3 l of nucleoside triphosphate mix containing 20 Ci of [␣-
32 P]CTP (800 Ci/mmol) was added and transcription was allowed to continue for 15 min. Final concentrations in a typical transcription mixture were as follows: 10 mM HEPES (pH 7.9); 10% glycerol; 50 mM KCl; 0.1 mM EDTA; 2 mM dithiothreitol; 8 mM sodium citrate (pH 6.7); 20 mM creatine phosphate; 5 mM For most of the experiments reported in this work, transcription was stopped by addition of 1 l each of ␣-amanitin (1 mg/ml; Sigma) and DNase I (2 U/l; Ambion). After 10 min at room temperature, 1 l each of 50 mM EDTA and RNase T 1 (200 to 250 U/l; Ambion) was added for 15 min at 30°C. Then 1 l of proteinase K (20 mg/ml) was added and, after 10 min at room temperature, the reaction was extracted with 350 l of TRIzol (Gibco BRL) and 70 l of chloroform. However, a simpler procedure is often adequate, in which transcription is stopped using 2 l of 250 mM EDTA containing 200 U of RNase T 1 , followed, after 15 min, by TRIzol extraction. The RNA was precipitated with 1.5 to 2 l of Saccharomyces cerevisiae tRNA (10 mg/ml; Sigma) and 350 l of isopropanol (10 min, room temperature), spun in a microcentrifuge (10 min, 4°C), washed with 150 l of 75% ethanol, resuspended in 15 l of 7 M urealoading dye, heated at 90°C for 5 min, chilled immediately on ice for 1 min, and loaded onto an 8% polyacrylamide gel to separate the G-less transcription products. For analyzing transcripts containing antisense sequences, one or two additional digestions with T 1 under denaturing conditions were carried out, as follows. Instead of resuspending in urea after the first precipitation, the RNA was resuspended in 32 l of 50% formamide-0.5 mM Tris-0.5 mM EDTA (pH 8) and then heated to 90°C for 5 min. After cooling to 37°C, 7 l of RNase T 1 (1,000 U/l) was added and the samples were placed in an oven at 63°C for 1 h. Extraction with TRIzol and subsequent steps were then carried out as described earlier.
Following electrophoresis, results were recorded and analyzed using a PhosphorImager with ImageQuant software (Molecular Dynamics 1 RNase and 1 l of 50 mM EDTA were added for an additional 30 min at 30°C. Following digestion with 2 l of DNase I (20 U) for 15 min at 30°C, 1.8 l of 10% sodium dodecyl sulfate was added. The sample was then extracted with 500 l of TRIzol and 140 l of chloroform, and 20 g of carrier tRNA and 500 l of isopropanol were added to the aqueous phase to precipitate the RNA. The RNA was resuspended in 32 l of 10 mM Tris-1 mM EDTA (pH 7), heated for 2 min at 90°C, and cooled on ice for 1 min, and then 1 l (250 U) of T 1 was added for 30 min at 30°C. TRIzol (350 l) extraction was then carried out in a manner similar to that described above.
RNase protection assay. RNA from the equivalent of four standard signaling assays (with cold CTP replacing [␣-
32 P]-CTP) or transfected RNA was analyzed as described (18) 
RESULTS
Poly(A) signaling in vitro mimics poly(A)-dependent termination in vivo. Poly(A) signaling in our system is detected as a decrease in the elongation efficiency of RNAPII after crossing a poly(A) site. To measure signaling we modified a G-less cassette assay previously used to monitor the efficiency of transcriptional elongation in vitro (48, 51) . Figure 1 illustrates the use of this assay to study signaling during transcription in nuclear extracts and compares the results obtained for signaling in vitro with parallel results obtained for termination in vivo. Figure 1A shows a diagram of pAP͗C 9 377͘, the DNA template used for these experiments. It contains the core SV40 early poly(A) signal followed immediately by a short, 120-nt G-less cassette. Two additional cassettes, distinguishable in size, lie farther downstream, separated from the upstream cassette by a spacer sequence (called C 9 ). The efficiency of elongation downstream of the poly(A) site is indicated by the extent to which the two downstream cassettes (postcassettes) are transcribed relative to the upstream cassette (precassette). Poly(A) signaling is evident when this elongation efficiency is less for templates with wild-type poly(A) sites than for templates with mutant poly(A) sites (hereafter called mutant or wild-type templates). Figure 1B , lane 1, shows the G-less RNAs that survive RNase T 1 digestion of the transcripts produced in vitro from the wild-type version of the pAP͗C 9 377͘ template. Lane 2 shows the results, obtained in parallel, for the mutant version of the template which differs only in that the AATAAA hexamer of the poly(A) signal has been mutated to AgTAct. Clearly the downstream cassettes are transcribed less efficiently from the wild-type template than from the mutant template. The results are presented quantitatively to the right of the gel images. The molar ratio of 261-nt postcassette transcripts to 120-nt precassette transcripts is 0.51 for the mutant but only 0.19 for the wild-type template. Thus, transcriptional elongation on the wild-type template between the 120-and the 261-nt cassettes is only 37% as efficient as on the mutant template. In Fig. 1B and C, and throughout this report, we refer to this as the percent wild-type readthrough.
We note that the postcassette/precassette molar ratio is less than one even for the mutant template. This may reflect, in part, frequent pause and/or arrest of RNAPII induced by the low concentrations of CTP in our transcription mixtures (66) combined with protein binding to the DNA in our extracts and an insufficient concentration of TFIIS to efficiently override these nonspecific impediments to transcription (47) . The low postcassette/precassette ratio also reflects our use of relatively short transcription times for these experiments. We have chosen to concentrate our attention on the forward wave of polymerases that elongate most efficiently down the template, which means that many stragglers and late-initiating polymerases will have transcribed the precassette but not yet arrived at the postcassette by the time that we stop the reaction. However, these effects of transcription time and CTP concentration do not compromise our conclusions, because they apply to both wild-type and mutant templates equally and are thus normalized away when we take the wild-type/mutant ratios. Control experiments show that none of our conclusions depends on the particular transcription time or concentration of CTP chosen.
The ability of the wild-type poly(A) signal to decrease recovery of the downstream cassettes relative to the upstream cassette reflects a decrease in downstream transcription on the wild-type template. The reduced recovery is not a consequence of preferential degradation of the downstream cassettes following 3Ј end processing of the wild-type transcript. This conclusion follows from the design of the template: all three cassettes in pAP͗C 9 377͘ lie downstream of the poly(A) signal (Fig. 1A) . Thus, although processing would indeed destabilize downstream RNA, this would include all of the cassettes. Moreover, the upstream cassette would, if anything, be more, not less vulnerable to degradation since degradation is probably mediated by a 5Ј-specific exonuclease (60, 81) . Therefore, the observed effect must be transcriptional, not posttranscriptional, in nature (see also below).
Next we asked whether the poly(A) signaling observed in vitro (Fig. 1B ) is related to poly(A)-dependent termination as measured in vivo (79) . To measure termination in vivo we transfected mutant and wild-type pAP͗C 9 377͘ into COS cells. We then harvested nuclei after 2 days and carried out nascenttranscript analysis to determine the steady-state distribution of polymerases over the three G-less cassettes in vivo (79) . It should be emphasized that this nascent-transcript G-less-cassette analysis reflects actual termination in vivo (not pausing) and is free of many of the potential artifacts associated with conventional run-on transcription-hybridization analyses (see reference 79 for a discussion). Figure 1C is a plot of the efficiency with which polymerases reach the downstream cassettes on the wild-type compared to the mutant templates both in vivo and in vitro. Clearly the signaling that occurs in vitro closely parallels the termination that occurs in vivo. We conclude that signaling either yields termination directly, or it triggers an event such as pausing that leads to termination with high efficiency.
Poly(A) signaling commences at the poly(A) site. The results of Fig. 1 show that transcription is impaired downstream of a wild-type poly(A) site. The simplest interpretation is that the polymerases become transcriptionally impaired as a consequence of crossing the poly(A) site. However, it is formally possible that the wild-type template differs from the mutant template in some global property (e.g., supercoiling) that impairs transcription throughout the plasmid. To distinguish between these possibilities, we assayed transcription both upstream and downstream of the poly(A) site on mutant and wild-type versions of the p377A174P͗C 9 ͘ template. This plasmid contains four cassettes, two upstream and two downstream of the poly(A) site (Fig. 2) .
First, we confirmed that the four cassettes in this plasmid are transcribed successively, as predicted for polymerases that initiate at the SV40 early promoter, and then traverse each cassette in turn. To avoid any effect on transcription from The efficiency of elongation (% wild-type readthrough) downstream of the wild-type poly(A) site is expressed (after normalizing all signals on each template to that for the 120-nt cassette) as the ratio of the intensity for each cassette on the wild-type template to that for the same cassette on the mutant template. (The images in panel A were also normalized with respect to the 120-nt cassette for purposes of presentation.) an active poly(A) site we used the mutant version of p377A174P͗C 9 ͘ for these preliminary experiments. Figure 2A (top panel) shows that the cassette RNAs do indeed appear sequentially during transcription and then build in concentration. In the bottom panel of Fig. 2A the cassette RNA concentrations are expressed relative to that of the first cassette in the series to emphasize their sequential appearance. Figure 2B shows that the cassettes upstream of the poly(A) site are transcribed similarly from the mutant and wild-type templates but that, downstream of the poly(A) site, transcription on the wildtype template rapidly falls off. Thus, transcription on the wildtype template diminishes relative to the mutant only after the polymerases cross the poly(A) site.
Different poly(A) sites signal similarly. Figure 3 summarizes results showing that in addition to P (the core SV40 early site), both S (SPA of reference 49) and L (the complete SV40 late site) carry out signaling in our assay. Thus, pAP w ͗C 9 377͘ exhibits impaired elongation compared to its mutant (Fig. 3 , constructs 1 and 2) as we have already shown (Fig. 1) . However, when the mutant poly(A) site of pAP m ͗C 9 377͘ was replaced, following HpaI-BamHI digestion, by either wild-type S (construct 3) or wild-type L (construct 4), signaling was restored. Thus, the ability of the system described here to support signaling in vitro is quite general.
Characteristics of the signaling reaction. The most striking characteristic of the in vitro poly(A) signaling reaction is the citrate requirement. This is illustrated in Fig. 4A where the efficiency of signaling (i.e., 100 Ϫ % readthrough) is plotted as a function of citrate concentration. Signaling is not observed in the absence of citrate, but as the citrate concentration is increased (in the presence of 7 mM Mg 2ϩ for this extract) signaling rises and goes through a maximum at a citrate concentration of about 8 mM (Fig. 4A) . Citrate curtails RNAPII carboxyl-terminal domain (CTD) phosphorylation and reduces the elongation efficiency of transcription in vitro (64) . We were drawn to the use of citrate in the signaling reaction because of the role of citrate in allowing the transactivation response (TAR) element in nascent human immunodeficiency virus (HIV) transcripts to mediate an increase in HIV transcription elongation efficiency (64) . In the absence of citrate, apparently, the intrinsic elongation efficiency of HIV transcription is too high to be augmented by TAR. Similarly, after a long period of fruitless experimentation, we reasoned that perhaps the intransigence of our system reflected an intrinsic transcription elongation efficiency that was too high in vitro to be abrogated by the poly(A) signal.
The results in Fig. 4A show how the relationship between signaling and elongation efficiency varies as a function of ci- trate concentration. The hypothesized inverse correlation between these two parameters is evident between 4 and 8 mM citrate as the signaling curve rises to its maximum. At higher citrate concentrations (10 and 12 mM) signaling declines. This decline may reflect, in part, the ability of citrate to chelate Mg 2ϩ , since the detection of signaling in our system is impaired at low [Mg 2ϩ ] (Fig. 4B and C) . Figure 4A also confirms that the effect of citrate on transcription is principally at the level of elongation rather than initiation, since the elongation efficiency curve closely matches the curve for total transcription in the range of 4 to 12 mM citrate. It is not surprising that elongation efficiency is an important determinant of cassette yield since, for templates such as pAP͗C 9 377͘, even the first cassette lies nearly 800 bp downstream of the start point of transcription. The curve for total transcription drops below that for elongation efficiency at 0 mM citrate, probably because initiation is impaired at the higher free Mg 2ϩ concentration that exists in the absence of chelation by citrate. This [Mg 2ϩ ] is considerably higher than the optimum for the SV40 early promoter (Ͻ2 mM) in our extracts (data not shown). A similar effect is apparent in Fig.  4B and C, where the curve for total transcription decreases at high Mg ϩ concentrations despite continuing increases in elongation efficiency.
In addition to citrate, the signaling reaction at its present state of development requires that the nuclear extract be very crude. As yet we have not subjected this parameter to careful scrutiny, but consistently we have obtained the best signaling with extracts subjected only to a relatively low-speed spin following extraction of the nuclei (see Materials and Methods). The state of the DNA (linear or supercoiled), its method of purification (spin column, gel, or CsCl), and the presence or absence of DNA or RNA carrier are unimportant to signaling. Cassette signals are completely ␣-amanitin sensitive at 0.2 g/ml (data not shown) and therefore arise entirely from RNAPII transcription. In summary, poly(A) signaling in our in vitro system is robust and reproducible and therefore suitable for use in mechanistic studies.
Poly(A) signaling resembles a stochastic process and requires no special element in the downstream DNA. The data in Fig. 1C suggest that the ability to elongate is lost increasingly with distance after crossing the poly(A) site. This trend is illustrated further in Fig. 5 , which shows examples of experiments that are representative of our experience with the system. In Fig. 5 the histogram peaks have been aligned with the distal ends of their corresponding cassettes to reflect the distances that must be traveled by the individual polymerases to produce the various cassette transcripts. The data show that transcription gradually decreases across more than 1.8 kb of DNA downstream of the core SV40 early poly(A) site. We have shown previously that commitment of the SV40 early poly(A) site to cleavage and polyadenylation in vivo is a stochastic process (18) . In this respect, signaling by this poly(A) site to stop transcription appears to be similar.
FIG. 4. Citrate and Mg
2ϩ titrations of the signaling reaction. Total transcription refers to the yield, in arbitrary PhosphorImager units, of the 120-nt cassette from the mutant template. It is called total transcription because both initiation and elongation efficiencies contribute to the yield. Elongation efficiency is defined here as the efficiency of 120-to 261-nt cassette readthrough, in this case when signaling is absent (i.e., the molar ratio of 261-to 120-nt cassette transcription on the mutant template). Signaling is defined as 100% Ϫ % wild-type readthrough (i.e., 100 minus the wild type-versus-mutant elongation efficiency ratio, expressed as a percentage). Points without error bars correspond to values taken from a single experiment only. Several different extract preparations were used for the experiments reported in this paper. Therefore, the citrate and Mg 2ϩ optima exhibited in this figure differ slightly from the concentrations used for other experiments reflecting the use of a different extract preparation here. Also note in panels B and C that equivalent signaling efficiencies can be obtained using different combinations of citrate and Mg 2ϩ concentrations, further accounting for the use of different concentrations of these constituents in different experiments.
Significantly, the poly(A)-dependent decrease of transcription for the templates in Fig. 5 appears to be relatively insensitive to the nature of the downstream DNA. Thus, for the pAP͗377͘ template, substantial poly(A)-dependent loss of transcription occurs across a region that contains no eukaryotic DNA. In this template the DNA contains, for more than 1 kb downstream of the poly(A) signal, only a mixture of artificial sequences (G-less cassettes and multiple cloning sites) and prokaryotic DNA (chloramphenicol acetyltransferase and pBR322). In contrast, the DNA between the cassettes in pAP͗C 9 ͘ is mostly eukaryotic in origin, having been obtained from the transcription termination region of the chicken ␤ H globin gene. Yet both templates fit the same trend for decrease of transcription with distance following the poly(A) site. This lack of sensitivity to the nature of the underlying DNA is further underscored by the results for pAP͗cat͘ of Fig. 6 . Here the poly(A)-dependent loss of transcription takes place across yet a different downstream DNA sequence, but the effect still fits the trend shown in Fig. 5 . Since DNA from eukaryotic termination regions, prokaryotic coding regions, and artificial constructs all support signaling similarly, we conclude that signaling in vitro does not require any special element in the downstream DNA.
Poly(A) signaling does not occur until after poly(A) site extrusion. It is generally assumed that poly(A) signaling occurs after the poly(A) site has been extruded from the polymerase. This supposition has never been tested experimentally and is based on the presumption that the poly(A) signal is too complex to be recognized directly by the transcription apparatus (32) . However, Escherichia coli RNAP is able to monitor DNA sequence throughout its 35-bp footprint to receive regulatory input for both pausing and termination (4, 58) . The DNA contacts for RNAPII are presumably even more extensive (25) . Additional opportunities for intrinsic regulatory input come from interactions of the RNAP with the DNA-RNA hybrid and with the RNA itself in the exit tunnel (58) . Moreover, the efficiency of poly(A)-dependent termination is not, as previously thought (32) , directly related to processing efficiency (1, 79) , indicating the existence of additional sources and/or sources of regulatory input different from simply the efficiency of processing. Although processing factors are known to affect signaling (8) , their role may be limited to maintaining the transcription complex in a responsive conformation. Thus, current data are not inconsistent with a model in which poly(A) signaling reflects an intrinsic ability of the transcription apparatus to recognize the poly(A) site. We therefore decided to test this possibility directly.
If the transcriptional apparatus is intrinsically capable of recognizing the poly(A) site, then signaling may occur before the poly(A) site is extruded from the polymerase. To determine whether poly(A) signaling occurs before or after extrusion of the poly(A) site, we used the cis-antisense approach. This method involves cloning an inverted copy of a poly(A) signal downstream of the properly oriented parent and has been used to study the timing of cleavage and polyadenylation complex assembly in vivo (18) . Transcription of the inverted poly(A) signal generates an antisense transcript to the authentic poly(A) signal upstream. When this antisense transcript emerges from the polymerase, it forms a duplex with the previously extruded poly(A) signal and prevents cleavage and polyadenylation (18) . If signaling to the polymerase, like assembly of the cleavage and polyadenylation apparatus, occurs following extrusion of the poly(A) site, then signaling-like processing may be blocked by the antisense transcript. However, if signaling occurs earlier-during transcription and extrusionthen the antisense should be unable to block an event that has already occurred.
To determine whether an antisense transcript to the poly(A) site can block signaling to the polymerase, we prepared the constructs diagrammed in Fig. 6A . As before, each construct shown refers to a mutant and wild-type pair. Construct 1, pAP͗cat͘, was the parent construct for the plasmids of this experiment. The separation between the cassettes in pAP͗cat͘ is slightly greater than in pAP͗377͘ of Fig. 5 , and pAP͗cat͘ exhibits a slightly greater poly(A)-dependent decrease in transcription; readthrough for the wild type is ϳ60% of that for the mutant (Fig. 6A, construct 1) . Construct 2 contains, just downstream of the 120-nt cassette, a 218-nt antisense module (␣) which is an inverted repeat of the poly(A) signal and its up- (Fig.  1B) is compared with that of two other templates having cassettes separated by shorter distances. Only single examples of reactions with pAP͗377͘ and pAP͗C 9 ͘ are presented here. These reactions were carried out under conditions similar to those described for Fig. 1B and could therefore be directly compared. However, the conclusions for these constructs are consistent with numerous other experiments carried out under a variety of slightly different conditions (that prevent their being plotted on the same graph).
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POLY(A) SIGNAL TRANSDUCTION TO RNA POLYMERASE IN VITROstream flanking sequences. The antisense transcript is targeted not only to the poly(A) signal (whose cleavage site is 19 nt upstream of the 120-nt G-less cassette [ Fig. 6B] ) but also to some upstream flanking sequence to ensure adequate duplex stability when the stem-loop (Fig. 6C ) forms in the RNA (18) . Figure 6A shows that construct 2 exhibits no signaling: wildtype transcription is indistinguishable (99% readthrough ratio) from that of the mutant. Thus, the presence of the antisense transcript completely blocks signaling by the poly(A) site. This is despite the fact that the separation between the cassettes in construct 2 is significantly greater than in construct 1 so that, other things being equal, signaling for construct 2 would have been expected to be greater than for construct 1 (Fig. 5) .
Notice, for construct 2, that the nascent RNA must be extended more than 126 nt beyond full extrusion of the poly(A) signal from the polymerase before the antisense transcript even begins to appear (Fig. 6A, construct 2, and B and C) . Moreover, since the antisense must be extruded a further 10 to Note that since it is the mutant version of the stem-loop that is shown, there is a G in the hexamer region of the sense strand reflecting the presence of the hexamer mutation (see Materials and Methods). Accompanying this mutation is a small interruption of base pairing in the stem at the position of the hexamer since the wild-type sequence was used for the antisense module in all of our constructs. The loop is comprised of 117 nt from the 120-nt G-less cassette plus 9 nt of non-G-less sequence at its 3Ј end. Three nucleotides at the 5Ј end of the G-less cassette invade the sense-antisense duplex. Multifold secondary structure analysis (44) predicts that the three G residues flanking the 3Ј end of the cassette interact with a patch of C's (shown in white) near its 5Ј end. This secondary structure model for the sense-antisense stem-loop predicts more efficient cutting by RNase T 1 in sequences flanking the base of the stem (dark arrow) than within its loop (open arrow) and slower cutting still (dotted arrow) at the mispaired G residue in the mutated hexamer (38) . (D) RNase T 1 digestion confirms the predicted secondary structure of the pAP m ͗␣cat͘ stem-loop. Transcription of pAP m ͗cat͘ and pAP m ͗␣cat͘ was carried out for either 15 or 2 min as indicated. Citrate (6 mM) was used. Following transcription one-fourth volume of RNase T 1 (1,000 U/l) was added for 0.25 min or 1.25 min as indicated, and then the mixture was extracted with TRIzol and the RNA was analyzed by gel electrophoresis. The interpretive drawings in the middle of the panel refer to the stem-loop structure shown in part C cut by T 1 at one or more of the indicated positions. The mobilities of G-less markers and their nominal sizes are shown on the left. The true sizes of the G-less markers are greater by one than the nominal sizes owing to the single G that remains at the 3Ј end following cutting by T 1 .
20 nt before sense-antisense duplex formation can even be initiated, we conclude that the signaling normally detected by our assay does not occur until at least 140 nt after extrusion of the poly(A) site. In fact, the estimate of 10 to 20 nt as the minimum length for initiation of duplex formation is almost certainly a considerable underestimate. Not only must the initiating duplex be stable enough to form across a large and fairly unstructured G-less RNA loop, but it must also be stable enough to compete with factors seeking to bind the poly(A) site. It is, therefore, likely that the bulk of the signaling detected in these assays actually does not occur until beyond 140 nt following poly(A) site extrusion.
To determine whether the antisense module might be exerting some unspecified negative effect on signaling for this template, we also assayed signaling using construct 3 of Fig. 6A . This construct differs from construct 2 only in that the antisense module is located several hundred base pairs farther downstream, near the end of the interval over which signaling is measured. Since construct 3 is identical to construct 1 up to the beginning of the antisense module, signaling for the two constructs should be similar if the presence of the antisense module in the template is benign. As shown in the histogram of Fig. 6A , signaling for construct 3 did indeed resemble that for construct 1, confirming that the mere presence of the antisense sequence in the template is not detrimental to the signaling assay.
Taken together the above cis-antisense inhibition results demonstrate for the first time that the signal to stop transcription occurs at the level of the RNA and that signaling follows extrusion of the poly(A) site from the polymerase. Indeed, signaling occurs more than 140 nt after the poly(A) signal has been completely extruded (Fig. 6A) , indicating that signal transduction occurs sometime in the interval between 140 nt postextrusion and the time at which the transcript is cleaved.
Confirmation of sense-antisense duplex formation during transcription in vitro. The interpretation of the above cisantisense results assumes sense-antisense duplex formation. Numerous control experiments in vivo support this mechanism (18) . Below we confirm, by means of RNase T 1 secondary structure mapping, that sense-antisense duplex formation also occurs rapidly during transcription in vitro. Indeed, the G-less cassette analysis for Fig. 6A required RNase T 1 digestion under denaturing conditions (T 1 is single-strand specific) in order to digest the duplexed RNA produced by constructs 2 and 3 (see Materials and Methods).
To assess sense-antisense duplex formation during transcription we carried out the secondary structure mapping directly in the transcription mixtures (Fig. 6D ). For this mapping we used pAP m ͗cat͘ and pAP m ͗␣cat͘, which are the mutant versions of constructs 1 and 2. The mutants were chosen in order to eliminate any differences in transcription efficiency between the constructs due to signaling. Immediately following transcription we subjected the transcription mixtures to a 1.25-min pulse of RNase T 1 digestion. Figure 6C shows the structure of the sense-antisense stem-loop that is predicted to form in transcripts of pAP m ͗␣cat͘. RNase T 1 is expected to cleave rapidly in the unstructured RNA to the right of the stem-loop, more slowly in the loop itself, and slowest of all at the mismatched G in the mutated hexamer (see Fig. 6C legend) . Thus, T 1 digestion is predicted initially to excise an intact stem-loop and then to process it further by cutting between the cassette and the antisense sequence and at the mismatched G (Fig. 6C) . The cassette can be cleaved from the sense sequence only when fraying at the end of the duplex, to which it is anchored, permits. On a denaturing gel these products would be expected to run as 564-, 336-, 222-, 175-, and 161-nt species, accompanied by a small amount of 120-nt G-less cassette (see interpretive drawings in Fig. 6D ). The results in Fig. 6D , lane 2, confirm these predictions. The presence of each predicted species is apparent, together with a low yield of the 120-nt cassette. In contrast, lane 1 shows that for the homologous plasmid without the antisense no species other than the 261-nt and 120-nt G-less cassettes appear. When we reduced the T 1 pulse to 0.25 min, the 564-nt stem-loop band increased and the 120-nt Gless cassette band decreased in intensity (Fig. 6D, lane 4) as expected for a precursor-product relationship. The vanishing 120-nt band in lane 4 suggests that stem-loop formation is quantitative. The shorter T 1 pulse was also accompanied by incomplete trimming of the cassette bands themselves (lane 3). Similar results have been obtained using 1/10 the concentration of T 1 and longer digestion times.
The band assignments in Fig. 6D have been confirmed based on several independent criteria. First, the bands appear only for constructs that produce transcripts containing antisense. Second, the bands resulting from secondary structure are selectively eliminated by T 1 digestion under denaturing conditions. Third, the mobilities of the bands are consistent with the sizes predicted from Fig. 6C . Finally, the mobilities of the individual bands can be selectively varied by targeted sequence alterations in the predicted stem-loop (data not shown). Thus, (i) the positions of the bands at 336 and 161 nt can be selectively varied by altering the size of the G-less cassette; (ii) the bands at 175 and 161 nt are selectively absent when the experiment is done with pAP w ͗␣cat͘, which has no mismatched G at the hexamer position; (iii) the position of the band at 222 nt varies with the length of the antisense module used; and (iv) the G-less cassette band at 120 nt is no longer underrepresented if a G-containing insert (which can be cut by T 1 ) is placed between the sense strand of the predicted duplex and the cassette.
The data above confirmed the efficient formation of the predicted sense-antisense stem-loops by the end of a 15-min transcription. To determine whether these structures form continuously during transcription we repeated the 0.25-min T 1 analysis, but after only 2 min of transcription. Figure 6D , lane 6 shows that the same spectrum of stem-loop digestion products is produced within this short period of transcription as is produced during the standard reaction (lane 4). Taken together these control experiments show that sense-antisense duplex formation occurs efficiently and continuously during transcription in vitro, as required by a cis-antisense inhibition mechanism.
The signal to stop transcription is generated before transcript cleavage. As pointed out earlier, the differential cassette recovery that results from attenuated transcription (i.e., reduced production of postcassette) is the opposite of that expected from the degradation that accompanies 3Ј-end processing (i.e., preferential loss of precassette). Thus, by using the differential recovery of cassettes as a criterion in the development of the in vitro signaling assay, we simultaneously selected for conditions that would uncouple processing from signaling. This is apparent in Fig. 4B and C, where signaling peaks at relatively high Mg 2ϩ concentrations and is severely depressed at the low Mg 2ϩ concentrations that favor cleavage in vitro (56, 59) . If signaling and processing have indeed been uncoupled in our system, that would indicate that signaling does not depend on transcript cleavage.
To determine directly whether signaling and processing are uncoupled in our system, we made a new construct for studying signaling, pA͗G 178 Ϫ catC 9 ͘, as shown in Fig. 7A . This construct was explicitly designed so that the assay could work only if processing is not a prerequisite for signaling. The essence of the design is a new 178-bp upstream cassette containing an imbedded G-less poly(A) signal (Fig. 7A) . This cassette provides not only the upstream cassette for signaling analysis but also the poly(A) site itself. Since the poly(A) site is imbedded in the G-less cassette, any instance of poly(A) site cleavage will also result in cassette cleavage. Thus, if poly(A) signaling depends on prior poly(A) site cleavage, then every failure of the 261-nt cassette to be transcribed (because of signaling) will be matched by a failure of the 178-nt cassette to be recovered (because of cleavage). That is, if cleavage is required for poly(A) signaling, no decrease in 261-nt cassette recovery relative to recovery of the 178-nt cassette will be apparent as a result of signaling, and the basis for detection of signaling in our assay will be eliminated. Therefore, if any signaling at all can be detected as a decreased 261-nt cassette/178-nt cassette ratio for wild-type (AATAAA) compared to mutant (TTTA AA) versions of pA͗G 178 Ϫ catC 9 ͘, then that signaling cannot be cleavage dependent. Figure 7A shows that signaling, to the extent of 28% impaired transcription in the wild type, was indeed detected upon comparison of wild-type and mutant versions of the pA͗G 178 Ϫ catC 9 ͘ template. Although this is less signaling than obtained with our other plasmids, we were nevertheless surprised at the vigor of the effect, since the poly(A) signal in this template had been extensively mutated (all of its G residues). Despite the unusual sequence of the G-less poly(A) signal, there can be no doubt that the impaired transcription of the wild-type plasmid is a poly(A)-dependent effect because the transcriptional impairment is abolished by mutating only two of the A's in the poly(A) hexamer (Fig. 7A) . These results unambiguously establish that poly(A) signaling is cleavage independent in vitro.
Although it was clear from the data discussed above that the observed poly(A) signaling is cleavage independent, it remained possible that some processing at the G-less poly(A) site, unrelated to signaling, may also have occurred. If so the 5Ј polyadenylation product, and perhaps also the 3Ј cleavage and partial degradation products, should be detectable on the gel (81) . However, the lane containing the wild type in Fig. 7A reveals no evidence of any G-less poly(A) site processing. Poly(A) site cleavage in the 178-nt precassette would yield 5Ј 28-nt and 3Ј 150-nt subcassettes. Polyadenylation of the 5Ј product would yield a heterogeneous collection of G-less RNAs on the gel ranging from perhaps 180 to 280 nt. Partial degradation of the 3Ј product would yield a heterogeneous collection of G-less RNAs on the gel of less than 150 nt. There is no evidence in the wild type-containing lane of Fig. 7A for any of these products of processing. Thus, not only is signaling cleavage independent in this assay but, at least for the G-less poly(A) site, there does not seem to be any processing at all under these experimental conditions.
The G-less poly(A) site offers the advantage that any signaling detected by our assay must unambiguously have occurred by a cleavage-independent mechanism. However, the poly(A) site used for most of the experiments in the present study was the SV40 early poly(A) site. In order to determine whether signaling is also cleavage independent for this site, we carried out RNase protection assays on the products remaining after signaling reactions. Figure 7B shows that essentially no cleavage at the SV40 early poly(A) site occurred under the conditions of our assays. Lane 2 shows the result of an RNase protection analysis of the in vitro transcription products of a typical 15-min signaling reaction. Lane 3 shows the result for a signaling reaction that was allowed to incubate three times as long. Quantitative analysis indicates an upper limit of less than 2% poly(A) site cleavage of RNA transcribed in vitro for 15 min (Fig. 7B, lane 2) . In contrast, poly(A) signaling can lead to an elongation deficit of more than 60% under the same conditions (Fig. 1B) . Thus, signaling has occurred in the virtual absence of cleavage. Even after 45 min of incubation in vitro the proportion of poly(A) site cleavage reaches only 6% (maximum estimate from analysis of Fig. 7B, lane 3) . We conclude that poly(A) signaling for the SV40 early poly(A) site has been uncoupled from poly(A) site cleavage under our reaction conditions. Therefore, signaling is independent of cleavage for both a natural and an artificial poly(A) site.
DISCUSSION
Poly(A) signaling in vitro. Poly(A)-dependent termination is presumably a complex process in which poly(A) signaling is but the first of several mechanistic steps. For example, signaling may lead first to pausing and then to transcript release. To focus on signaling per se, therefore, we have used in this work an assay that does not require transcript release in order to produce a measurable outcome. Rather, the assay detects any downstream effect of signaling that impedes transcription.
Our results show that poly(A) signaling in vitro faithfully reflects three important aspects of poly(A)-dependent termination in vivo (79) . First, of course, signaling is dependent on a functional poly(A) site. Second, signaling exerts its effect regardless of the nature of the downstream DNA: no special pause site or other element is required. Third, the effect increases with distance, suggesting a stochastic process. Thus, the in vitro events characterized here recapitulate important as-pects of the in vivo process that leads to poly(A)-dependent termination.
Detection of signaling under our assay conditions requires citrate. The molecular target of citrate is not known, but citrate has been shown to inhibit phosphorylation of the RNAPII CTD (64) and is said to be an HIV-specific depressant of elongation (63) . Here we confirm, using an assay for elongation efficiency, that citrate preferentially impairs elongation (Fig. 4A) . Our results also show that the effect is not restricted to HIV since our constructs are driven by the SV40 early promoter. Moreover, our elongation efficiency assay (Fig. 4) measures the efficiency of elongation between 895 and 2,757 bp downstream of the promoter, showing that the effect of citrate is not limited to promoter-proximal events. Thus, the reduction of elongation efficiency imposed by citrate includes the region of the template containing the poly(A) site. It is possible that, by reducing the phosphorylation of the CTD, citrate renders the polymerases more responsive to the poly(A) signal. Alternatively, citrate may reduce a background of efficient elongation contributed by nonresponding polymerases that otherwise would mask signaling. It is also possible that citrate affects signaling directly, by acting on some component of the transcription complex independently of its effect on elongation efficiency.
Using this poly(A) signaling assay we have shown here that signaling occurs well after extrusion of the poly(A) site, but before cleavage, and that it does not depend on the presence of pause elements in the DNA. Assembly of the cleavage and polyadenylation apparatus occurs in distinguishable steps in vivo (18) . The results reported here support our earlier suggestion (18) that signaling may occur during one of these intermediate steps, being generated by new interactions among known factors (3, 8, 14, 17) or by the recruitment of new factors responsible for termination.
Poly(A) signaling is not coupled to extrusion of the poly(A) site. Before 3Ј-end processing can occur, the poly(A) site must first undergo extrusion and then stepwise assembly of the cleavage and polyadenylation apparatus (18) . Cleavage-independent models for poly(A) signaling may accordingly be divided into intrinsic and extrinsic models according to whether recognition is by the transcriptional apparatus itself or by additional factors that recognize the signal following extrusion. Here we have addressed the intrinsic class of models which propose that the poly(A) site is recognized as it is being transcribed and extruded, thereby leading to termination. A precedent for such a mechanism is E. coli RNA polymerase, which can recognize signals for pausing and termination either directly in the DNA or in the nascent RNA during extrusion and FIG. 7. Signaling is not cleavage dependent. (A) Signaling by a G-less poly(A) site is not accompanied by processing. The first step of construction for pA͗G 178 Ϫ catC 9 ͘ was similar to that for pAS w ͗C 9 377͘ of Fig. 3 except that a G-less version of S, the sequence shown in Fig. 7A , was inserted into pAP m ͗117cat͘. The G of the blunted BamHI site remaining after ligation was converted to a T by means of site-directed mutagenesis (AATCGATCC3AATattTCC), thereby fusing the Gless poly(A) signal with the 117-nt G-less cassette. To enhance the detection of signaling, the distance between the cassettes was increased by inserting the previously described C 9 fragment into the unique EcoRV site (Fig. 4A) whose responses to these signals can be modulated by factors (4, 58) . Accordingly, in eukaryotes, RNAPII may recognize the poly(A) site during transcription, and its response to the poly(A) site may be modulated by the polymerase-associated poly(A) site cleavage factors that are known to be required for termination (3, 8, 14, 17) . This model has never been tested but is now ruled out by the experiment of Fig. 6 , which establishes that signaling cannot have taken place during transcription of the poly(A) site, since all signaling can still be blocked by antisense after extrusion of the poly(A) site is complete. Our data also address the simplest of the extrinsic models for poly(A) signaling. This model, an extension of the above scenario, is the CPSF-CstF recognition model, which proposes that the signal to terminate is generated as the poly(A) site is propelled past the CTD-bound CPSF and CstF after emerging from the polymerase (55) . The initial interaction between these factors and the poly(A) site is envisioned as the event that generates the signal. Both functional and structural considerations (see below) suggest that CPSF and CstF interact promptly with the poly(A) site when it emerges from the polymerase. Yet the results of Fig. 6 show that signaling has still not occurred 140 or more nt after extrusion is complete, despite the presumed efficiency with which the poly(A) signal is captured by CPSF and CstF. Accordingly, our results disfavor the CPSF-CstF-recognition model and suggest that continued association of CPSF and CstF with the poly(A) site is required in order to participate in generating the signal to terminate at a later step of cleavage and polyadenylation complex assembly.
Prompt targeting of CPSF and CstF to the poly(A) site following extrusion is suggested by analogy to the mechanism whereby capping enzyme is targeted to the RNA 5Ј end. Like CPSF and CstF, capping enzyme binds to the polymerase CTD, which then delivers it to the emerging RNA (43, 54) . This delivery is so efficient that the RNA is quantitatively capped in vitro before it is 50 nt long (46) . Additional studies in vivo suggest that capping occurs when the RNA is between 25 and 30 nt long (69) . Since approximately 18 nt of RNA is contained within the structure of the RNAPII ternary complex (39) , capping must occur on 5Ј ends that lie only about 10 nt beyond the point of extrusion. Thus, functionally, the CTD appears to be designed to deliver capping enzyme and possibly other proteins to a region very close to the point at which the RNA emerges from the polymerase. This functional conclusion is consistent with the recently published crystal structure of RNAPII, which indicates that the newly extruded RNA emerges at the base of the CTD (25, 36) .
Given the juxtaposition of the CTD to the emerging RNA, the presumed flexibility of the CTD (25) , the role of the CTD in directing virtually immediate capping of emergent RNA, and the role of the CTD in facilitating 3Ј end processing, it is likely that the CPSF and the CstF on the CTD gain rapid access to the nascent poly(A) site. In this they would resemble the vaccinia virus transcription termination factor, which also travels with the polymerase and then accesses its cognate element in the nascent RNA as soon as it emerges (40) . Unlike the vaccinia situation, however, initial recognition of the poly(A) signal by CPSF and CstF does not appear to coincide with the signal transduction event. Thus, some later event on the way to processing is apparently responsible for signaling. Nevertheless, 140 nt of RNA would be insufficient to reach the end of a hypothetical, fully extended, inflexible CTD. Therefore, the CPSF-CstF-recognition model remains a formal possibility.
Poly(A) signaling is not cleavage dependent. Very soon after it was discovered that termination is poly(A) dependent, it was suggested that processing itself might be the signal that leads to termination (50) . Subsequently, elegant models were developed (20, 68) and refined (30, 81) to explain how cleavage could be instrumental in generating the signal. Attempts to test cleavage-dependent models have centered on the relative timing of cleavage and termination in vivo (11, 30, 61) . The results for several genes indicate that these events both occur at various distances downstream of the poly(A) site but that, within the resolution of the experiments, they tend to occur together. This has led to the view that cleavage and termination in vivo may both be part of a single concerted event (11, 12, 30) . It has variously been suggested that this event is triggered by cleavage (30) or that it is not triggered by cleavage (61) . Both possibilities are consistent with the available in vivo data, as are the additional possibilities that cleavage is triggered by termination or that both occur independently in response to a common signal. Thus, the central postulate of the cleavage-dependent models, namely, that cleavage generates the signal to the polymerase, has remained an open question.
As is often the case, the relationships among coupled events are clarified by uncoupling them in vitro. By uncoupling cleavage and signaling in our assay we have shown that signaling occurs in the essential absence of any cleavage. This was demonstrated directly for the SV40 early (Fig. 7B ) and the G-less poly(A) sites (Fig. 7A) . Moreover, because optimization of the signaling assay involved selecting for conditions that suppress processing, this is evidently true for the SV40 late and the synthetic poly(A) sites as well (Fig. 3) . We hasten to point out, however, that our extracts do carry out efficient 3Ј-end processing under conventional cleavage and polyadenylation conditions (75) using exogenously prepared pre-mRNA substrates (data not shown).
Poly(A) signaling does not require downstream elements in the DNA. We have shown here that four different poly(A) sites are capable of signaling a stop to transcription in vitro in the absence of any identifiable downstream elements. For example, the SV40 early poly(A) site transduces the signal to stop transcription across both eukaryotic and artificial DNA sequences (Fig. 5) , as well as across prokaryotic DNA (Fig. 6A) . The same is true for the SV40 late, the SPA, and the G-less poly(A) signals (Fig. 3, Fig. 7A , and additional data not shown). This confirms and extends our previous report that poly(A) signals can induce efficient termination in vivo without the assistance of downstream elements in the DNA (79) .
Nevertheless, a number of downstream elements have been described that do enhance termination when located downstream of poly(A) sites (2, 6, 13, 21, 31, 33, 72) . However, only occasionally have the effects of the presence and absence of these elements been determined in a background lacking poly(A) signals (e.g., references 22, 31, and 41). Thus, often it is not known whether a poly(A)-independent effect has simply been superimposed on a poly(A)-containing background, or whether such an element interacts synergistically with the poly(A) site to constitute a true downstream member of a bipartite terminator.
Pause elements in downstream DNA are a prominent feature of most discussions of poly(A)-dependent termination (e.g., see references 2, 6, 13, 33, 41, 73, 81, and 82) . These elements are thought to be required to slow down the polymerase so that the poly(A) signal can act. Yet, with one possible exception, no termination-enhancing element has been shown to pause polymerases in the absence of a functioning poly(A) signal. For example, the nmt2 pause element of Schizosaccharomyces pombe (2) does not induce pausing if the poly(A) signal is deleted (41) . Yet there are pausing and efficient termination downstream of the poly(A) signal if the element itself is deleted (41) . Thus, although the element is unquestionably an enhancer of polyadenylation (2), it is not a pause element and it is not required for pausing or termination. The possible exception referred to above is an element that was accompanied by both pausing and termination downstream of a mutant poly(A) site in one experiment (33) but which gave no discernible pausing downstream of a wild-type poly(A) site in other experiments (77) .
If the various downstream elements that have been described are not pause elements and are generally not required for termination, what might be their function? Since we have shown both in vivo (79) and in vitro (this report) that a poly(A) signal alone is sufficient to stop transcription, these downstream elements are unlikely to be an integral part of the poly(A)-dependent termination mechanism. The so-called pause elements discussed above, actually resemble enhancers or auxiliary downstream elements for polyadenylation (19, 35, 52) . They may function at the RNA level and affect termination by modifying the pathway leading to cleavage and polyadenylation itself. A second type of element functions at the DNA level to bind a protein that enhances processing and/or termination when encountered by a transcription complex (6, 21, 81) . One such element, the MAZ protein binding site, enhances cleavage and polyadenylation in vivo (6) . MAZ bound to DNA causes pausing in vitro, but the pausing per se is not responsible for the enhanced cleavage and polyadenylation, since pausing by other proteins has no effect on processing unless the polymerases are paused next to MAZ (80, 81) . MAZ may, in fact, be a poly(A)-independent termination factor in vivo (15), a property shared by the only other DNA-binding protein thought to be involved in termination by RNAPII (21) . Significantly, both of these proteins are known primarily for their roles in transcription initiation. Thus, their roles in processing and termination may be primarily to act as fail-safe devices, not necessarily dependent on a poly(A) signal, designed to protect promoters from transcription interference (37) .
